Objective: Type 1 diabetes (T1D) is known to be caused by Th1 cell-dependent autoimmunity. Recently, we reported that TYK2 promoter variant serves as a putative virus-induced diabetes susceptibility gene associated with deteriorated interferon-dependent antiviral response. TYK2 is also related to HIES, that is, Th2 cell-dependent. Therefore, TYK2 promoter variant may be also associated with the pathogenesis of T1D, modulating Th1/ Th2 balance. Research Design and Methods: We assessed the association between anti-GAD Ab, IgE levels, and TYK2 promoter variant among 313 T1D patients, 184 T2D patients, and 264 YH controls in the Japanese. Results: T1D patients had elevated IgE (median, 56.7 U/ml; p b 0.0001) compared with T2D patients (22.5 U/ml) and controls (43.3 U/ml). Contrary to our expectations, there was no correlation between TYK2 promoter variant and IgE levels. We found that T1D could be subtyped as four groups based on anti-GAD Ab and IgE profile: Subtype 1, anti-GAD Ab positive and non-elevated IgE (47.0%); Subtype 2, anti-GAD Ab negative and non-elevated IgE (35.1%); Subtype 3, anti-GAD Ab positive and elevated IgE (10.9%); and Subtype 4, anti-GAD Ab negative and elevated IgE (7.0%). In Subtype 2, a significantly higher incidence was observed in T1D cases carrying the TYK2 promoter variant (OR, 2.60; 95%CI, 1.03-6.97; p = 0.032), and also showing a flu-like syndrome at diabetes onset (OR, 2.34; 95%CI, 1.27-4.35; p = 0.003). Interpretation: Anti-GAD Ab and IgE profiling helps classifying T1D into four groups that recognize variable pathogenic bases of T1D.
Introduction
T1D is caused by extensive destruction of insulin-producing pancreatic beta-cells leading to absolute insulin deficiency, and the incidence has been increasing worldwide at a rate of 3% every year (American Diabetes Association, 2014; Atkinson et al., 2014; IDF Diabetes Atlas Seventh Edition 2015 Scully, 2012) . The American Diabetes Association has proposed two classifications of T1D, immune-mediated (Type 1A) and idiopathic (Type 1B) (American Diabetes Association, 2014). The immune-mediated form of T1D results from cellular mediated autoimmune destruction of pancreatic beta-cells, has strong associations with HLA, and is characterized by the production of several autoantibodies including anti-insulin antibody (IAA), anti-GAD Ab, islet antigen 2 antibody (IA-2 Ab), anti-zinc transporter antibody (ZnT8 Ab), and historic anti-islet cell antibody (ICA Ab) (American Diabetes Association, 2014) . It has been well established that T1D is mainly a Th1 cell-dependent autoimmune associated disease (Haskins and Cooke, 2011) , while this assignment of Th cells has been largely based on precarious conditions in experimental animals that did not correctly reflect the delicate balance or the relative contribution of each Th subset throughout the disease (Azar et al., 1999) . It was reported that Th2 cells may play a progressive role by accelerating autoimmunity due to production of Th2 cytokines (Azar et al., 1999) . In contrast, the idiopathic form of T1D is strongly inherited, but there is no evidence of autoimmunity or HLA association (American Diabetes Association, 2014) . Fulminant T1D in which a non-autoimmune process may associate with the onset was also reported as an important subtype in East Asia (Imagawa and Hanafusa, 2011) . These observations imply that T1D patients possibly possess a delicate Th1/Th2 balance. Overall, it was suggested that T1D seems to include heterogeneous diseases whose pathogenic processes, immunologic basis, genetics, and phenotypic characteristics present marked variations (Atkinson et al., 2014; Kawasaki and Eguchi, 2004) .
The importance of environmental factors for T1D onset has also been well documented (Atkinson et al., 2014; Coppieters et al., 2012; de Beeck and Eizirik, 2016) . Viruses, as one of the environmental factors, particularly coxsackieviruses that belong to the genus enterovirus in the Picornaviridae family, have long been suspected to contribute to the T1D onset (Coppieters et al., 2012; de Beeck and Eizirik, 2016; Jun and Yoon, 2003) . Multiple factors could interplay among enterovirus, immune system and host genes (Hober and Sauter, 2010) , as enterovirus infection may lead to the activation of innate and adaptive immunity against pancreatic beta cells (Hober and Sauter, 2010) . The mechanisms of beta-cell destruction by viruses have been reported: induced direct virolysis of beta-cells, local inflammatory responses, or virus infection triggering beta-cell specific autoimmunity, together leading to destruction of beta-cells (de Beeck and Eizirik, 2016; Jun and Yoon, 2003) . The former situation seems to be the case of high dose encephalomyocarditis (EMC)-D virus (a picornavirus)-induced diabetes in inbred mice, which is an excellent animal model resembling fulminant T1D in humans (Shimada and Maruyama, 2004; Nagafuchi et al., 2013) . Since intact innate anti-viral responses play a pivotal role in the protection against picornavirus infection (Takeuchi and Akira, 2009) , it is suggested that innate immunity-associated genes are candidates for determining susceptibility to virus-induced diabetes (Kounoue et al., 2008; Nagafuchi et al., 2013) . Consistently, some innate immunity associated genes have been reported as candidate genes for T1D. These include helicase C domain 1 (IFIH1) (or melanocyte differentiation antigen (MDA) 5), protein tyrosine phosphatase non-receptor type 2 (PTPN2), BTB domain and CNC homolog 2 (BACH2), and TYK2 (de Beeck and Eizirik, 2016; Marroqui et al., 2015; Onengut-Gumuscu et al., 2015) .
TYK2 is a member of the Janus kinase (JAK) family, and plays an important role in signals of type 1 IFN and IL-12 to resist against microbial infections (Leitner et al., 2015; Shimoda et al., 2000) . Genetically-determined alternations of IFN responses, including TYK2 gene, are detrimental in immune and inflammatory disease such as T1D (Leitner et al., 2015; Jean-Baptiste et al., 2017) . Recently, based on the discovery of natural mutations of TYK2 gene as murine encephalomyocarditis (EMC)-D virus-induced diabetes susceptibility gene causing deteriorated type 1 interferon (IFN) response , we could show that "TYK2 promoter variant" in Japanese subjects is associated with an increased risk of T1D . The prevalence rate of TYK2 promoter variant is high in overall T1D (9.6%; OR, 2.4: p = 0.012), most highly in T1D associated with flu-like syndrome at diabetes onset (13.7%; OR, 3.6: p = 0.005), and anti-GAD Ab negative T1D (12.8%; OR, 3.3: p = 0.0021), compared with age-and sex-matched healthy controls (4.2%) . These results suggested that TYK2 promoter variant may serve as a virus-induced T1D susceptibility gene, possibly due to reduced type 1 IFN response , but not Th1 cell-dependent autoimmunity. Consistently, it was reported that Tyk2-mediated signaling was not essential for the development of Th1 cell (Hashiguchi et al., 2014) . TYK2 promoter variant serves as a risk not only in T1D but also in T2D, suggesting that TYK2 promoter variant is associated with an overall risk for diabetes . It has also been reported that TYK2 gene is closely linked with HIES, that is, Th2 cell-dependent immune response-associated disease (Minegishi et al., 2006) . TYK2 deficiency is a type of primary immunodeficiency displaying the phenotype of the autosomal recessive HIES, and is likely to account for the phenotype of impaired Th1 differentiation and accelerated Th2 differentiation (Minegishi et al., 2006) . TYK2 gene is thus closely related to immunologic condition and therefore, the TYK2 promoter variant may possibly be associated with the pathogenesis of T1D modulating Th2 cell-dependent immunologic responses.
In the present study, we focused on TYK2 gene as a susceptibility gene for both T1D and HIES, and assessed the association among anti-GAD Ab, IgE levels, and TYK2 promoter variant in diabetic patients. Here we report the immunological bases on which T1D forms may be classified into four subtypes among T1D by simple clinical markers.
Materials and Methods

Subjects
We studied 313 patients with T1D, 184 patients with T2D and 264 young non-diabetic subjects (YH) (these are not age-matched with the T1D and T2D cohorts -see also Table 1) in the western Japan region. These subjects partly provided the same samples which were studied in our previous article , and sample size of T1D has been shown to be appropriate for the T1D case control study. For comparison, estaimated suitable number of patients with T2D and Young Healthy Controls were chosen to be applicable for appropriate statistical analysis in case-control study by computer. The clinical profiles of patients studied are presented in Table 1 . Among the 313 patients with T1D, 76 patients were associated with flu-like syndrome at the onset. Symptoms of flu-like syndrome include fever, chills, sore throat, muscle and joint aches, poor appetite, diarrhea, cough, and fatigue, suggestive of certain viral infections not limited to enterovirus infection. Those patients with clinical features such as tonsillitis, pneumonia, or urinary tract infection associated with neutrophilia, suggestive of bacterial origin, were not regarded as patients with flu-like syndrome and were excluded from the group. The study was conducted in accord with casecontrol studies of STROBE statement. Since it was reported that there was a peak of IgE levels in the group of 19 to 21 years old (De Amici and Ciprandi, 2013), we selected YH as a control group. Patients were designated as T1D if fasting C-peptide was b0.5 ng/ml with insulin-dependent condition (IDDM), or as T2D if fasting blood glucose levels were higher than 126 mg/dl and HbA1c levels exceeded 6.5% with non-insulin-dependent status (NIDDM). In Japanese T1D patients, positivity of anti-GAD Ab is reported to be 60-70% (Kawasaki and Eguchi, 2004) . The individuals had no clinical sign of allergy. The study was conducted according to the guidelines for human study and was approved by the ethical committee of the Kyushu University Graduate School of Medical Sciences (No.433-00 and 433-01). Written informed consent was obtained from all subjects including T1D, T2D, and YH involved in this study.
TYK2 Promoter Variant Genotyping
TYK2 promoter variant was assessed by PCR analysis, as described previously . Genotyping had been performed to detect the putative promoter region, 1.3 kb upstream of start codon, of the TYK2 gene. TYK2 sequence reference was NCBI Reference Sequence: NG_007872.1. TYK2 gene located at 19p13.2. SNPs in TYK2 promoter variant are as follows: NC_000019.10:g.10381501_1038150 2delAC (rs number is under submission), NC_000019.10:g.10380676T-G (rs2304259), NC_000019.10:g.10380572T N C (rs17000730), NC_ 000019.10:g.10380511CN T (rs17000728), NC_000019.10:g.10380510 CN T (rs2304258). Because these polymorphisms at the upstream and 5'UTR of TYK2 gene were in complete linkage disequilibrium (Lewontin's D' = 1), the haplotype was named TYK2 promoter variant .
Anti-GAD Ab, Anti-IA-2 Ab and IgE Analysis
Anti-GAD Ab were determined by radioimmunoassay (RIA). Anti-GAD Ab levels higher than 1.5 U/ml were considered as positive. Anti-IA-2 Ab were determined by radioimmunoassay (RIA). Anti-IA-2 Ab levels higher than 0.4 U/ml were considered as positive. We found that only ten were anti-IA-2 Ab positives; six were also anti-GAD Ab positive among 181 anti-GAD Ab positives, and four were anti-GAD Ab negative among 132 anti-GAD negative patients with T1D. The numbers of anti-IA-2 Ab positives were so few and therefore, to avoid complexity, the anti-IA-2 Ab data were not involved in the further analysis of this study. IgE levels in T1D patients, T2D patients, and YH was measured with a human IgE enzyme-linked immunosorbent assay (ELISA) quantitation set (Bethyl Laboratories Inc. USA), according to the manufacturer's instructions. The levels of IgE data used in this study were the means of triplicate measurements. IgE levels higher than 170 U/ml were diagnosed as positive.
Subtyping and Numbering of T1D Patients
T1D patients were classified into four subtypes by IgE levels (b 170 U/ml, low; ≧ 170 U/ml, high) and anti-GAD Ab (b1.5 U/ml, negative; ≧ 1.5 U/ml, positive) profile. Numbering of subtypes was done according to the number of the patients.
Statistical Analysis
Statistical analysis was performed in the statistical program R (http://cran.r-project.org). Data were analyzed by using: Fig. 1 , and Table 2 and  Table S1 , Fisher's exact test.
Results
Comparison of IgE Levels in Patients With T1D, T2D and YH
TYK2 gene plays a key mediator for both T1D and HIES, whereas these diseases were reported to have different Th cell-dependent background (Minegishi et al., 2006; Nagafuchi et al., 2015) . Moreover, IgE levels have been reported as a potential risk factor of diabetes (Wang et al., 2011) , and T1D may possibly be associated with a risk of self-reported presence of IgE-mediated allergies (Klamt et al., 2015) .
Therefore, we investigated the IgE levels of 313 patients with T1D, 184 patients with T2D, and 264 YH to reveal the significance of IgE levels in diabetic patients. Consequently, T1D patients showed higher IgE levels (median, 56.7 U/ml; p b 0.0001) than T2D patients (median, 22.5 U/ml) or YH (median, 43.3 U/ml) (Fig. 1) , suggesting that elevated IgE in T1D patients have distinct clinical significance.
Subtyping of T1D based on Anti-GAD Ab, IgE levels and TYK2 promoter variant
Because anti-GAD Ab has been shown to be an excellent and major autoantibody of T1D, and is also known to reflect Th1 cell-dependent immune destruction of pancreatic beta-cells (American Diabetes Association, 2014), we chose anti-GAD Ab as a Th1 marker. We determined the association of IgE levels and anti-GAD Ab in T1D patients to reveal immune condition in T1D patients. As a result, we could subtype T1D patients into four groups based on anti-GAD Ab (b 1.5 U/ml, negative; ≧ 1.5 U/ml, positive) and IgE (b 170 U/ml, low; ≧ 170 U/ml, high) profile (Fig. 2) . These subtypes were named as Subtype 1, anti-GAD Ab positive and non-elevated IgE (n = 147, 47.0%); Subtype 2, anti-GAD Ab negative and non-elevated IgE (n = 110, 35.1%); Subtype 3, anti-GAD Ab positive and elevated IgE (n = 34, 10.9%); and Subtype 4, anti-GAD Ab negative and elevated IgE (n = 22, 7.0%) ( Table 2) . Subtype 1 seems to be classical T1D with Th1 cell-dependent autoantibody positivity, and therefore, we used Subtype 1 as a reference. Among these subtypes, TYK2 promoter variant had a significantly high incidence in Subtype 2: anti-GAD Ab negative and non-elevated IgE (OR, 2.60; 95%CI, 1.03-6.97; p = 0.032) ( Table 2) . Furthermore, prevalence of flu-like syndrome at diabetes onset was also significantly high in Subtype 2 (OR, 2.33; 95%CI, 1.27-4.35; p = 0.003) ( Table 2 ). These observations taken together imply the following interpretations regarding these four subtypes: Subtype 1, classical Th1 cell-activated autoimmune T1D; Subtype 2, without anti-GAD Ab and non-elevated IgE in association with TYK2 promoter variant and with flu-like syndrome at the onset; Subtype 3, both Th1 and Th2 cells-activated; Subtype 4, Th2 cell-skewed. This subtyping clearly indicated that T1D patients involve variable immune conditions.
TYK2 Promoter Variant is Not Associated with Elevated IgE
Although we assessed the association of IgE levels and TYK2 promoter genotype in T1D patients, we found no difference in IgE levels between TYK2 promoter variant and wild type genotype (wild, median, 58.3 U/ml; variant, median, 45.8; p = 0.440) (Fig. S1 ).
T1D Patients with Flu-like Syndrome
Finally, we examined whether elevated IgE had any clinical significance in T1D patients with flu-like syndrome at the onset, of those patients suggestive of viral origin and related to TYK2 promoter variant . In flu-like syndrome-associated patients, the major population was those with anti-GAD Ab negative and non-elevated IgE (n = 38; 50.0%, six TYK2 promoter variants), belonging to the Subtype 2 population (Fig. S2, Table S1 ). When compared with the age-matched controls , only patients with anti-GAD Ab negative and non-elevated IgE, belonging to Subtype 2, had significantly higher incidence of TYK2 promoter variant (OR, 4.22; 95%CI, 1.24-12.7; p = 0.011) ( Table S1 ). Patients with elevated IgE were a minority of the T1D cohort (14.5%), and they did not associate with TYK2 promoter variant even among them (Table S1 ). Thus, the observation seems to be consistent with our previous report that TYK2 promoter variant was most likely associated with viral infections in diabetic patients dependent on defective type 1 IFN response , but not with Th2 immune response.
Discussion
In this study, we were able to show that T1D patients have overall elevated IgE and that their immune condition could be classified based on IgE and anti-GAD Ab profile into four subtypes. Although at the beginning of this study, we surmised that TYK2 promoter variant may be associated with the pathogenesis of T1D modulating Th2 cell-dependent immunologic responses, the data we obtained contradicted this. TYK2 promoter variant was not associated with elevated IgE (Fig. S1 ). In addition, Th1/Th2 ratio in diabetic patients did not exhibit any difference between patients with TYK2 promoter variant and those with wild type genotype (Fig. S3) . Although TYK2 deficiency was reported to be the Fig. 1 . Elevated IgE in T1D patients. The levels of IgE in YH (n = 264), T2D patients (n = 184) and T1D patients (n = 313) were scattered and plotted as box plots, indicating lower quartile, median, and higher quartile, with whiskers representing the range of the remaining data points. Patients with T1D showed higher IgE levels (median, 56.7 U/ml; p b 0.0001) than T2D patients (median, 22.5 U/ml) or YH (median, 43.3 U/ml). The dotted line indicates the upper limit of the IgE normal range, 170 U/ml. n.s., not significant. Fig. 2 . Four subtypes of T1D based on anti-GAD Ab and IgE profile. Total IgE levels plotted against anti-GAD Ab from patients with T1D (n = 313). Patients with T1D were classified into four subtypes by IgE levels (b170 U/ml, low; ≧170 U/ml, high) and anti-GAD Ab (b1.5 U/ml, negative; ≧1.5 U/ml, positive). Subtype 1 (blue triangle), anti-GAD Ab positive and IgE low (47.0%, n = 147); Subtype 2 (red rhomb), anti-GAD Ab negative and IgE low (35.1%, n = 110); Subtype 3 (gray cross), anti-GAD Ab positive and IgE high (10.9%, n = 34); and Subtype 4 (orange square), anti-GAD Ab negative and IgE high (7.0%, n = 22). There was no correlation between anti-GAD Ab and IgE levels (r = 0.060, p = 0.289). The vertical dotted line indicates the 1.5 U/ml value of anti-GAD Ab, and the horizontal dotted line indicates the 170 U/ml levels of IgE. The x axis is the logarithmic scale.
cause of HIES (Minegishi et al., 2006) , recently, it was also reported that not all patients with TYK2 deficiency presented elevation of IgE level as their phenotypes (Kreins et al., 2015) . It was suggested that the important clinical phenotypes of TYK2 deficiency is mainly mycobacterial and/ or viral infections caused by impaired IL-12 and IFN-alpha/beta responses, but not elevated IgE levels (Kreins et al., 2015) . Correspondingly, TYK2 promoter variant presented a mild decrease of TYK2 gene expressions with a mild reduction of IFN-induced anti-viral gene expressions . These observations suggested that TYK2 promoter variant probably is not significant in Th2 type cell-dependent immunologic responses in diabetic patients. Because signal transducer and activator of transcription 3 (STAT3) and dedicator of cytokinesis 8 (DOCK8) are also reported as candidates for HIES (Engelhardt et al., 2009; Minegishi et al., 2007) , these factors may possibly contribute to the elevated IgE in T1D patients.
Consistent with the classical concept of T1D, we confirmed that Subtype 1, which was considered to be a Th1 cell-activated state, was the major population even in IgE levels and anti-GAD Ab profile (Table 2) . Accordingly, identification of the elevated IgE in T1D patients, though it was a minor population, has significance for further understanding of the immune condition and pathogenesis of T1D. Despite the suggestion that elevated IgE in T1D patients has a marked clinical significance, it was unclear whether elevated IgE is the cause or effect of T1D. Th2 cytokines exert their effects through direct and/or indirect mechanisms: they promote necrosis through occlusion of the microvasculature, stimulate activated T and B cells, enhance MHC class II expression, and amplify the cascade of anti-beta-cell immunity (Azar et al., 1999) . IgE levels and anti-GAD Ab subtyping revealed the presence of a small but distinct population which was considered to be a Th2 cell-skewed immune condition as Subtype 4. Since IgE is a strong inducer of many inflammatory cytokines (Corry and Kheradmand, 1999) , elevated IgE may possibly induce pancreatic beta-cell damage by mechanisms such as those described above. It was also reported that some diseases which are considered Th1 cell overactivation-associated diseases, including T1D, have mixed Th1/Th2 balanced conditions, and involve simultaneous Th1 and Th2 cell-activated phenotype (Kidd, 2003) . We could detect the immune condition where both Th1 and Th2 cells were activated as Subtype 3. Subtypes 3 and 4 clearly showed that T1D not only have Th1 activated-immune status, but also have unique immune deviated condition, suggesting that all T1D cases can no longer be viewed as a Th1-associated disease (Azar et al., 1999; Østergaard et al., 2016) .
Interestingly, anti-GAD Ab and IgE profile revealed that Subtype 2, anti-GAD Ab negative and non-elevated IgE, presented the second largest population, and was associated with TYK2 promoter variant ( Table  2) . TYK2 promoter variant did not affect IgE value, but it was most likely associated with viral infections in diabetic patients dependent on mildly defective IFN response . Consistently, patients with flu-like syndrome suggestive of viral origin mainly belonged to Subtype 2. Because positivity of autoantibody is decreased as time passed and TYK2 promoter variant was not associated with anti-GAD Ab-positive patients , Subtypes 2 and 4 may contain patients who anti-GAD Ab turned to negative and have wild type TYK2 gene. These populations could reduce the ratio of TYK2 promoter variant in Subtype 2, while it still reaches statistical significance, suggesting that TYK2 promoter variant serves as an important marker which characterizes Subtype 2. When we focused on patients with flulike syndrome at T1D onset, positivity of anti-GAD Ab was lower (44.7%) than patients without flu-like syndrome at the onset (61.6%) ( Table 1) . Among them, the major population was anti-GAD Ab negative and low IgE, belonging to Subtype 2, and TYK2 promoter variant also had a significantly high incidence (Table S1 ). On the other hand, classical anti-GAD Ab positive and low IgE subgroup was the second major group, and elevated IgE group was minimal. Thus, although T1D patients with flu-like syndrome were supposed to be very likely caused by the direct viral infection-mediated beta-cell damage without production of beta-cell-specific autoantibody, other types of T1D patients still occur, suggesting that viral infection may trigger the development of variable types of T1D, possibly dependent on the interplay between the pathogenicity of the virus and diverse immuno-reactivity among multiple host factors (Hober and Sauter, 2010) .
In conclusion, we have reported that T1D could be subtyped into four groups based on anti-GAD Ab and IgE profile, as follows: Subtype 1, the major classical Th1 cell-dependent autoimmune T1D; Subtype 2, the second major group associated with TYK2 promoter variant and maybe with virus-induced diabetes; Subtype 3, both Th1 and Th2 cells overactivated-immune condition; and Subtype 4, Th2 cell skewed-immune condition. Most importantly, only Subtype 2, the second major group, without anti-GAD antibody or elevation of IgE as described above, was associated with TYK2 promoter variant, suggestive of deteriorated IFN response to resist against virus infections , and may be related to virus-induced diabetes, thereby enhancing the validity of subtyping of T1D as presented by this study.
We assessed TYK2 promoter variant in YH and found that they had a rather high prevalence rate of TYK2 promoter variant, compared with older-age-matched healthy controls, as reported previously (Table 1) . Since TYK2 promoter variant serves as a higher risk for the development of diabetes , TYK2 promotor variant positive young healthy people may develop diabetes along with aging, and thus the rate of TYK2 promoter variant will become lower in older-aged people. Further age-dependent studies need to verify the hypothesis.
In the present study, while we studied a rather small number of patients and only in the Japanese population, we could subtype T1D based on anti-GAD Ab and IgE profile. Further studies of a larger scale, such as a worldwide study involving other ethnic groups with acute onset T1D, possibly associated with a flu-like viral syndrome, suggestive of viral origin, are needed to test our conclusion. In the future, Subtype 2 patients, suggestive of virus-induced diabetes, will be the target patients where an anti-diabetogenic virus vaccine will be able to protect diabetesprone individuals if the screening had been done before the clinical onset of T1D. Thus, Anti-GAD Ab and IgE profiling is useful to realize the immune conditions underlying variable immuno-pathogenic mechanisms of T1D, and provide a clue to delineate the pathogenesis of T1D.
Supplementary data associated with this article can be found in the online version, at http://dx.doi.org/10.1016/j.ebiom.2017.08.012. 
